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ABSTRACT

This memorandum examines the location of the free
return reentry points for the nomlnal free return profile
and several possible varlations., There are a number of
operational problems which can serve to constraln the reentry
point. The Command Module 1s designed to land on water, and
so land landings are undesirable, Also landings in unfriendly
territory or far from the recovery forces are undesirable,

Because of the flexibllity which 1s bullt into the
nominal Apollo Mission the free return touchdown points from
a single launch window may vary over 120° longltudinally and
over 40° latitudinally. Thls wlde variation almost always
results in some possible traJectorles from a gilven launch
window having undesirable free return touchdown points. The
situation may be partially remedied by reducing the flexibility.
Another approach is to perform a maneuver on the free return
transearth leg which places touchdown at an acceptable point.
It is shown that such a maneuver by the Service Module or the
LEM descent propulsion system will guarantee a touchdown in
a satisfactory geographic region for a AV cost of less than
700 fps. Also, & study of the so-called "free rebturn squared"
trajectory indicates that water landings can be assured for
this profile with a maximum AV penalty of about 300 fps.
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nder current plans, Apollo w
trajectory after translunar injection.
injection cutoff conditions are perfect, the spacecraft could.
circumnavigate the moon and return to earth witih the proper
reentry angle. The free return trajectory is principally a
crew safely device in case of spacecraft failures Under
nominal conditions, the transearth leg of the free return tra-
jectory will ncot be ftraversed. It is only in the event of
some contingency that the transcarth leg and its associ ted
reentry and touchdown points become important.

111 fly a free return
If the translunar

Heretofore, free return trajec
assumed that the earth reentry point of
was unconstrained. The only restriction
placed on the trajectory shaping are that
grade at the proper {light path angle and
of perilune be between 40 NM and 80 NIH.

analysis hszs
free return leg
which have been

{he reentry be posi-
that the altituaqe
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There are a number of ogpe
might serve to constrain the reen ‘ry point. " The Commanc
Module is designed to land on water; land landings are un--
des 1Pa01»~ Alsc, landings on unfr1enol3 territory or far
from the recovery forces are undesirable.

ational problems which

This memeorandum shows how the geographic free rcte
reentry point changes with launch date, with lahnch window,
with the trajectory parameters within a launch

'and
window (lauwch

azimulh, altitude of perilune, etc.). The toucio|vJ points are
then re1~Led to the reentry points via the permissitle reentry
range. Wnhile guentitative results are given only for earth
launches in ¥e bwu““y 1968, general rules are presented which
relate the free return reentry point to the Lransliunar injec-
tion point.
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THE BEHAVIOR OF FREE-RETURN TRAJECTORIES

A brief review of the behavior of free return
trajectories will be useful for the analysis which follows.
Figure 1 sketches a typical trajectory in earth-moon space.
For simplicity the entire trajectory is assumed to lie in
a single plane. The position of the free return reentry
point can be related to the translunar injection point by the
total flight time and the following angles.

@l = translunar transfer angle = 170°

X = angle between entry point and exit point
of the moon's sphere of influence (see
figure 1) & 5°

o, = transearth transfer angle X 1570

Then the angle from injection to reentry 1is 6 = ®l + X + ®2

where positive angles are measured eastward. Since @ is nearly 360°,
it can be more simply expressed as
}Y

— (o) — o]
6 = o  + X + oy - 360° = =30

Thus the inertial injection point and the inertial
reentry point are separated by about 30 degrees. It is clear
that if the earth turns through an integral number of revolutions
from injection to reentry, the earth fixed injection and reentry
points will also be separated by about 30 degrees.

The above analysis assumed that the entire trajectory
lays in a single plane, the earth-moon plane. As the transearth
leg is rotated out of this plane, by varying the equatorial in-
clination of the earth centered ellipse, the reentry point traces
out on the surface of the earth a circular locus with a radius of
about 20 degrees. Since Apollo free return reentries are constrained .
to be posigrade (reentry azimuth between 0° and 180°), only the left
half of this circular locus need be considered (see schematic on
Figure 2).

It should be noted that the total variations in latitude

on figure 2 is about 40° while the longitude variation is about
20°, ~
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The next obvious step 1s to draw in the loci of touch-
down points corresponding to the reentry polnts of Figure 2.
Figure 3 sketches such loci for reentry ranges of 1500 NM (25°
of central arc) and 2500 NM (42° of central arc). The shaded
area on Figure 3 is the total potential touchdown area for the
reentry locus shown. The reader will note that if the reentry
range were 1200 NI, all the trajectories would touchdown at a
single point, point A on Figure 3. Point A also acts as a focus
for the other loci and can serve as an indicator for them. When
point A is specified the other loci can be reconstructed.

Figure 4 shows an actual set of loci; they are of course
not perfect semi-circles as in Figure 3 but the correspondence
with theory is good and they do tend to focus around a point. It
must be emphasized that the set of loci illustrated on Figure 3
is only one member of a famlly of sets for the Pacific injection
window on February 1, 1968. The remainder of the memorandum will
be concerned with the position of the. focal point (the indicator
for a set of reentry and touchdown loci) as a function of launch
date and of various trajectory parameters.

FACTORS WHICH AWFECT POSITION OF FOCAL POINT

A prior section has shown that the reentry loci and
thus the focal point can be related to the translunar injectin
point if the total time of flight is known. Hence, the factors
which affect the position of the focal point can be broken into
two groups: those which affect the total trip time and those
which affect the geographic position of the injection point.

FACTORS WHICH AFFECT TOTAL TRIP TIME

The total trip time varies with
1. Date of Launch
2. Altitude of perilune
3. Pree return eguatorial inclination

4, Launch Window' (Atlantic or Pacific
Injection)

Of these four factors, date of launch greatly predom-
inates. The total trip time varies by about 16 hours over a
lunar month. Altitude of perilune and free return inclination
are optimization parameters which are used to minimize the space-
craft fuel required to reach a given lunar landing sifte. By the
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trajectory ground rules, perilune altitude can be freely varied
from 40 NM to 80 NM. As has been pointed out, free return in-
clination can be freely varied over all posigrade values. Trip
time changes by about one hour over the total allowable range

of perilune altitudes with the shortest flight times occurring
at the lowest perilune altitudes. Trip time varies by about

one hour over the total allowable range of return inclinations.
This latter fact accounts for the slight ellipticity of the loci
on figure 4. The difference in trip time between the two daily
launch windows varies from zero to one hour and can be accounted
for as due to the differing inclination of the translunar tra-

jectory to the earth-moon plane and to the differences in launch
times.

Figure 5 shows total free return trip time as a func-
tion of date and time of launch over the calendar month of
February, 1968. Trip time on Figure 5 is shown as a band; this
band encompasses trip times for both daily launch windows, all
posigrade free returns, and all perilune altitudes between 40 NM
and 80 NM. From this figure it is easily seen that date and time
of launch are the dominating factors in trip time deviation.

As has been pointed out, if the earth turns through an
integral number of revolutions from translunar injection to re-
entry, these two points will be separated geographically by about
30°. Fractional revolutions of the earth will result in a
longitudinal displacement of the geographic reentry point. In
other words, the geographic position of the focal point undergoes
a purely longitudinal displacement with variation in flight time.
From Figure 5 it can be seen that for any particular launch win-
dow, total trip time can vary by about 2 hours. Thus, the lon-
gitude of the reentry focal point can vary by 30° due to varia-
tions in trip time. (The earth rotates at 15° per hour.)

FACTORS WHICH AFFECT THE GEOGRAPHIC POSITION OF THE INJECTION POINT

The position of the injection point varies with
1. Launch Window (Atlantic or Pacific Injection)
2. Date of Launch |
3. Launch Azimuth

4. Number of Earth Parking Orbits.
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The two dailly launch windows result in trajectories
whose translunar injection points may occur on opposite sides
of the earth. The injection points for one launch window (type
P) fall in the general area of the Pacific Ocean and those for
the other window (type A) fall over the Atlantic and Indian
Oceans. When the moon 1s near its maximum or minimum declina-
tion, the two sets of injection points will be close together;
when the moon 1s near the equator the injection points will be
nearly 180° apart. Thus the choice of launch window greatly
affects the position of the injection point.

The injection points for each daily launch window
move with the launch date. Here the movement is about 13° per
day - the angular rate of the moon.

A variable launch azimuth is used to provide a launch
window and as wculd be expected the required position of the in-
jection point moves by 15° per hour, the rotational rate of the
earth, during the launch window. Thus during a four and one-half
hour launch window, (the window available for a variation of
launch azimuth from 72° to 108°) the injection point would move
longitudinally through 68°. The latitudinal variation during a
launch window is small.

Under current mission ground rules, translunar in-
Jjection may take place during either the second or the third
earth parking orbit. These two injection opportunities are
separated in time by about 90 minutes and so the geographic
injection positions are separated in longitude by ahout 22°.

By adding the variation in the geographic position of
the injection point due to the desire for a launch window and
the variation which results from having two injection oppor-
tunities, it can be seen that the injection position may vary
longitudinally by 90° over one launch window. Of course,
longitudinal displacement of the injection point results in an
identical displacement of the reentry focal point.

 Figures 6a and 6b show the movement of reentry focal
points as a function of launch date and launch window during
February 1968. For each date and window, one point is shown.
It represents a 90° launch azimuth, translunar injection on
the second orbit, and an 80 NM perilune altitude.

On February 3, 10, 17 and 24 a horizontal line is
shown to illustrate the variation of the focal point with
launch azimuth and with injection opportunity. Points are set
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out on the lines to denonminate the following cases:

1. Launch azimuth of 72°/Injection on second
earth orbit (extreme east on each line)

2. Launch azimuth of 90°/Injection on second
earth orbit

w

Launch azimuth of 108°/Injection on second
earth orbit

4. Launch azimuth of 108°/Injection on third
earth orbit (extreme west on each 1line)

The distinct differences in shape between the loci
of focal points on Figures 6a and 6b can be explained by the
nature of the two elemants which determine the position of a
reentry focal point: the translunar injection point and the
total trip time. On February 7 both the Atlantic and Pacific
injections are near Australia and both reentry focal points
are in the South Indian Ocean. On succeeding days the Atlan-
tic injection point moves northwest until on February 20 it
is near Florida. This movement would tend to draw the reentry
focal point in a northwesterly direction also. However, over
this two week time period, the total flight time has first
decreased sharply tending to draw the focal point east and then
increased slightly. Since the time of flight factor dominates,
the focal point moves northeast from February 7 to February 13
and is then drawn northwest. During much of this period the
relationship between the movement of the injection point and
the change of flight time was one of interference so there was .
a relatively small movement of the focal point. Between
February 7 and February 20, the Pacific injection point moves
northeast from Australia until it too is near Florida. How-
ever, its movenent reinforces the changing total trip time so
that the reentry focal point for Pacific injections moves over
a relatively large area. On February 20, the reentry focal
points from the Atlantic and Pacific injections are close to-
gether again in the eastern Mediterranean but the Atlantic has
come from the East and the Pacific from the west.

TOTAL DISPLACEMENT OF A FOCAL POINT

A longitudinal displacement of the focal point of 30°
was previously shown because of variations in trip time.. VWhen
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this is added to the variations due to the location of the
injection point, it can be seen that each point on the locl
of Figures 6a and 6b has a total possible deviation of 120°.
This deviation or uncertainty in the geographlc position of
the reentry focal point is due to the desire for a launch
window, for two injection opportunities, and for a variable
perilune and return inclination. Thus, the factors which
give the mission operational and performance flexibility are
the ones which cause the free return reentry point to move
over a wide geographic area.

In one respect a wide variation in the reentry point
for a single day is fortunate: almost every launch window
will have some free return trajectories which result in ac-
ceptable reentry points. If all of the trajectories from a
given launch window fell in a small area which was over
land, a whole launch window could be eliminated by a ground
rule which required a watcr landing. On the other hand a
wide dispersion in reentry points is unfortunate: almost
every launch window has some trajectories which result in
undesirable reentry points.

Of course the range control built into the reentry
guidance system can be used to vary the touchdown point over
a 17° central angle. However in a great many cases this
control is insufficient,

ONE REMEDY: REDUCE FLEXIBILITY

One obvious solution to the problem of undesirable
reentry and landing points is to reduce mission flexibility.
Since the possible reentry points from a given launch window
fall over such a wide area, the mission analysis could be re-
stricted to that subset of free return trajectories which re-
sult in acceptable reentry points.

The mission flexibility can be divided into two sub-
sets: performance flexibility and operational flexibility.
The range of the two performance parameters, altitude of
perilune and free return inclination,might be restricted so as
to place the free return touchdown point over water. However,
it has been seen that these parameters exert a relatively small
influence on the position of the touchdown point, and to so re-
strict their range can result in increased SM fuel requirements
on the order of a thousand pounds.
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It is also possible to restrict the range of the

operational perameters, launch azimuth and translunar in-
Jection opportunity. On Figure 6 it can be seen that these
two parameters resulit in a 90° longitudinal variation in the
free return reentry and touchdown points. If the Prcgram
were content to go with a one hour launch window and one
injection opportunity, the free return focal point could be
restricted to any preselected 15° segment of the total 90°
variation.

Also from Figures 6a and 6b it is apparent that the
choice of the launch window (type of injection) and of the
date of launch are strong factors. Which of the two daily
launch windows is to be used is determined by a variety
cf performance and operational considerations. It could
conceivably be chosen so as to place the free return touch-
down point over water. These figures also show that certain
launch windows will have all their free return touchdown
points over water with no sacrifice in flekxibility. In other
werds, a water landing can be had by %aprlfi01ng mission op-
portunities.

ANOTHER REMEDY: PROPULSIVE CORRECTIONS

A solution which may be preferable to a reduction in
flexibility is to perform a propulsive maneuver on the free
return leg so as to change the total trip time. For every
hour the trip time is changed, the geographic longitude of the
reentry point will be changed by about 15°. ‘Figure 7 shows
that AV cost varies by roughly 100 fps per hour change in
flight time if the AV correction is made at the moon's sphere
of influence on the transearth leg of the free return tra-
Jectory. If the correction were applied earlier in time, even
greater efficiency would result. Even if such a propulsive
maneuver i1s planned, there is still justification for retain-
ing the circumlunar free return trajectory. Free return tra-
Jectories can be thought of as a special subset of all earth-
moon trajectories. This special subset of trajectories, if
perfectly executed, requires no propulsive maneuvers to return
to the earth. Hence an heuristic argument can be advanced
for the proposition that members of this special subset will
require the least propu151ve maneuvering to reach a water landing
point on the earth.

Also shown in Figure 7 is a typical plot of reentry
velocity as a function of the change in flight time. Of course,
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the reentry veloclity of the uncorrected free return trajectory
varies from day to day and with the choice of optimization
parameters; the total possible change is about 80 fps. The
Apollo CM 1is constrained to reenter at velocities less than
36,500 fops.* Figure 7 indicates that even with changes in

trip time of 8 hours this constraint will not be violated.

If 700 fps were avallable to vary trip time, figure 7 indicates
that a potential change of about + 6 hours would be possible.

At 15° per hour, a reentry longitude flexibility of more than
180° would result. With this kind of flexibility a water landing
could be guaranteed. As presently configured, the LEM descent
propulsion system can deliver 1900 fps to the fully lecaded
spacecraft. Of course the SPS, in working condition, can easily
perform this maneuver. The foregoing facts indicate that an
operationally acceptable free return reentry and landing can be
accomplished by the use of a DPS or SPS maneuver on the return
leg. ' :

Another scheme involving a propulsive maneuver is the
so-called "free return squared" trajectory. Under this strategy,
translunar injection is targeted such that a water landing is
guaranteed. This 1s most simply accomplished by raising the
altitude of perilune so as to increase the total free return
trip time.

At some point soon after translunar injection, the
SPS would then be used to correct the trajectory to one having
an optimum perilune altitude. After the correction the free
return characteristic would be retained but the free return
landing point would be unconstrained. The AV penalty and the
required change in perilune altitude are shown on Figure 8 as
a function of the required change in total free return trip
time. This figure indicates that only about 300 fps is re-
gquired to accommodate a time change of 12 hours if the correction
is made 10 hours after translunar injection. Figure 9 indicates
that 10 hours after transliunar injection 1s a nearly optimum
point to make the corrective maneuver. This "free return
squared" strategy has one important advantage over a correction
on the return leg--a free return water landing will be guaranteed
until the SPS has been fired for the first time. The most
important disadvantage is, of course, that a propulsive correction
will exist in the nominal translunar trajectory; fuel must be
provided for this correction out of the nominal AV budget.

¥Apollo Program Specification, §3.5.1.22, May, 1965.
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SUMMARY

Because of the flexibility which is built into the
Apollo Mission, the free return reentry focal points from a
single launch window vary longitudinally over 120°. This
wide variation almost always results in some trajectories
having operationally undesirable free return touchdown points.
The situation may be partially remedied by reducing the flexi-
bility. Another approach is to perform a maneuver on the free
return transearth leg which places touchdown at an acceptable
point. It is shown that a DPS or SPS maneuver of less than
700 fps will guarantee a touchdown in a satisfactory geographic
region. A study of the so-called "free return squared" tra-
jectory shows that a water-landing can be assured by this scheme
with a maximum AV penalty of about 300 fps.

TGl

S. F. Caldwell .
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